Abstract Medulloblastoma tumours may arise sporadically or as part of an inherited syndrome. A subset of children with medulloblastoma carry germline and somatic mutations in the SUFU tumour suppressor gene located at 10q24. We report a 55 year old woman referred for investigation on the basis of skin lesions and a family history of two children from different unions with medulloblastoma. Examination of our patient revealed facial papules (classified as benign folliculosebaceous hamartomatous lesions) and dysmorphology (macrocephaly, hypertelorism and prognathism). She reported her father and her son share the same dermatological features; photographs of the son display hypertelorism. Sequencing in our patient revealed a splice-site mutation in intron 6 of SUFU (c. 756?1G[A), predicted to lead to skipping of exon 6. We suggest that the emerging phenotype in SUFU associated with familial medulloblastoma may include hamartomatous skin lesions. Consideration of these features, along with macrocephaly will alert clinicians to the likely genetic basis of the syndrome, affording the opportunity for genetic counselling, prenatal or preimplantation genetic diagnosis in at-risk families.
Introduction
Medulloblastoma is a common childhood malignancy where one of five histological subtypes of tumour arise in the cerebellum [1] . These tumours may arise sporadically or as part of an inherited syndrome. Medulloblastoma is seen in 5 % of cases of the Gorlin syndrome (GS), also known as the Basal Cell Naevus syndrome, as a result of heterozygous mutations in the PTCH1 gene [2] [3] [4] . In addition, a subset of children with medulloblastoma was shown to carry germline and somatic mutations in SUFU tumour suppressor gene located at 10q24 [5] . SUFU loss of function predisposes individuals to medulloblastoma by modulating the sonic hedgehog (HH) signalling pathway which plays an important role in the early human embryonic development. In a larger study of 131 children with medulloblastoma, germline mutations in SUFU were found in eight probands [6] . All of the affected children were diagnosed with medulloblastoma under the age of 3 years-macrocrania and hypertelorism were noted as part of the phenotype.
Case report
A 55 year old woman was referred for investigation on the basis of skin lesions and a family history of brain tumours.
She had a partial thyroidectomy for a benign cystic lesion and a cholecystectomy, aged in her forties. She had been otherwise well. She presented to the dermatologist for cosmetic advice regarding multiple skin coloured papules on her face, which had first developed in her thirties and had slowly increased in size and number. The lesions were asymptomatic, with neither scaling nor ulceration. Coincidentally, a basal cell carcinoma (BCC) was noted on her upper lip. She had two previous BCCs removed in her fifties from her right forearm and back.
Her family history was highly significant (Fig. 1) . She had seven children to two unrelated partners. In each union she had a child with medulloblastoma. Her son, born in 1976, was diagnosed aged 6 months and died at the age of 26 months. A daughter born in 1994 was diagnosed at the age of 7 months with a desmoplastic medulloblastoma, and died aged 25 months. Both infants were noted to have large heads at birth. Photographs show similar facial features, with bossed foreheads and hypertelorism.
Her father died aged 57 of non Hodgkin's lymphoma. He had multiple facial papules. He had a cousin who died aged 52 of a brain tumour; no further details are available.
A son from the first union is now 30 years of age. He is described as having skin lesions similar to his mother. Photographs reveal a broad forehead, hypertelorism, and a ridge of skin coloured papules below each eye.
Examination of the proband revealed facial dysmorphology (Fig. 2) . She had macrocephaly with a head circumference of 58.5 cm, relative to a height of 159 cm. She had hypertelorism and prognathism.
Her skin examination revealed profuse pearly white and skin coloured papules on her face in a centrofacial distribution. These were especially dense around her eyes and nose, and were evident behind her ears and on her scalp. She also had multiple acrochordons on her neck and trunk. Her skin showed evidence of significant sun damage. She had small amounts of plaque psoriasis.
Histological assessment of a lesion excised from her nose showed several small aggregates of bland basaloid cells extending downward from the epidermis into the papillary dermis (Fig. 3) . These aggregates exhibited folliculosebaceous differentiation and were classified as benign folliculosebaceous hamartomatous lesions with some features of tumour of the follicular infundibulum.
She had no other features of GS and a skull radiograph did not show evidence of calcification of the falx cerebri.
Other family members were not available for examination or genetic testing.
Methods

Sequence of testing
Based on the hamartomatous lesions and macrocephaly, Cowden syndrome was queried as a potential diagnosis and genetic testing was performed to exclude mutations in the PTEN genes. Similarly, PTCH1 mutation analysis was performed since GS was considered based on the family history of medulloblastoma, and personal history of macrocepahly and BCCs. Cancer predispositions as a result of microdeletions and microduplications have been identified through SNP array and so a SNP microarray was undertaken as part of her initial clinical investigation. SUFU mutation analysis was then offered.
SUFU mutation analysis
The twelve exons of the SUFU gene were amplified by quantitative PCR using Quantitect SYBR Green (Qiagen), 12 ng of DNA, and 375 nM of each primer. Each quantitative PCR primer contains a universal sequence component, which has been used for further Sanger sequencing of the PCR products using Big Dye with an ABI 3730 sequencer. Sequences of quantitative PCR and sequencing primers are available upon request. Sequences were analysed using Seqscape Software (Life Technologies).
Results
No mutations were identified in PTEN or PTCH1. SNP array revealed a long continuous stretch of homozygosity on chromosome 5q; no genes of interest were evident in this region. Sequencing revealed a splice-site mutation in intron 6 of SUFU (c. 756?1G[A) (Fig. 4) . In silico bioinformatics tools (SpliceSiteFinder-like, NNsplice, MaxEntScan, Gene splicer, and Human Splicing Finder) available in Alamut (Interactive Biosoftware) all predicted a complete loss of the donor splice site. This probably leads to skipping of exon 6, frameshift, and a premature STOP codon, probably associated with degradation of the mRNA by the mRNA decay system. Viable lymphocytes were not available for RNA extraction and subsequent RT-PCR analysis to experimentally test the consequences of the mutation on mRNA splicing. There were no large deletions nor duplications in SUFU using quantitative PCR.
Discussion
This family supports autosomal dominant inheritance of a predisposition to medulloblastoma conferred by a germline mutation in SUFU, with a mutation carrier having children with medulloblastoma to two separate and unrelated partners. A phenotype has emerged, with macrocephaly and hypertelorism. This family suggests that hamartomatous skin lesions are likely to be an additional syndromic feature. In 2002, Taylor discerned a subset of children with desmoplastic medulloblastoma on the basis of germline heterozygous mutations in SUFU [5] . The role of SUFU in tumorigenesis has been investigated, illustrating that the thresholds of sensitivity of the malignant transformation differ between the skin and the cerebellum [7] . While the role of SUFU has been demonstrated in tumour suppression in the cerebellum [8] , inactivation of SUFU does not transform embryonic or adult keratinocytes to BCC [9] . Interestingly activation of the HH pathway by SUFU mutation does appear to cause basaloid follicular hamartomas.
Abnormal activation of the HH signalling leads to BCC. Inactivating mutations in the PTCH1 gene are found in BCC and cause the phenotype of the GS, where multiple BCCs coexist with a variable dysmorphic phenotype [3] . Medulloblastoma occurs in approximately 5 % of affected children with GS [3] .
A knockout mouse model with a loss of function mutation in SUFU has been generated in which mice SUFU ?/-(heterozygous for the mutated allele) develop skin lesions consistent with basaloid follicular hamartomas. Simultaneous TP53 (Trp53 in mice) loss on a background of SUFU ?/-, induced medulloblastoma but not BCC in mice [9] . One family with GS that was PTCH1 negative has been reported with a germline splicing mutation in SUFU [10] .
In the reported series, penetrance of the predisposition to medulloblastoma is incomplete [11] and the family presented is consistent with these reports. In two families with 25 mutation carriers, seven developed medulloblastoma, all were desmoplastic or nodular, diagnosed under the age of 3 years the penetrance was estimated at 30 %. In a larger study of 131 consecutive patients with medulloblastoma, eight germline mutations in SUFU were found [6] . Of these, the seven patients examined had no other feature of GS other than macrocephaly. Six patients had head circumference greater than 97th percentile; three of these were confirmed to have macrocephaly at birth. Eight healthy carriers of the mutation also had relative macrocephaly. Other tumours found in these kindreds [6] included leiomyosarcoma aged 63, breast cancer aged 37, and a meningioma aged 38 years. While the role of the meningioma is plausible, other tumours may be coincidental. Germline SUFU mutations have also been detected in familial multiple meningioma [12] . In 2012, Kijma et al. [13] reported the finding of meningioma in the context of a germline SUFU mutation. The individual had a medulloblastoma at 21 months old, subcutaneous nodules on his face and neck shown to be trichoepithelioma at age 25, BCC at age 28, and meningothelial meningioma at age 35.
In the above group of eight patients with SUFU mutations [6] , an 18 year old had multiple BCCs in a field of radiation, one patient had perianal skin tag and one had multiple naevi. The family reported here has features similar, with additional dermatologic signs comprising multiple facial hamartomatous papules. In the sixth decade, the proband's BCCs are likely to be coincidence. The proband developed skin hamartomata in early adulthood. Depending on the variability in age of onset, there may be family members carrying the mutation have not yet developed cutaneous signs. Similarly, the triad of skin lesions (fibrofolliculomas, trichodiscomas, and acrochordons) characteristic of Birt-Hogg-Dube syndrome (OMIM #135150), do not appear until the third of fourth decade of life [14] .
There is an increasing number of skin lesions recognised as syndromic features of inherited malignancy. Cowden syndrome (OMIM #158350) and Hereditary Leiomyomatosis and Renal Cell Carcinoma (OMIM #158350) are further examples of conditions that have pathognomonic skin signs, which may precede internal malignancy [15] . Skin lesions may alert clinicians to a range of heritable cancer syndromes [15] . Recognition of these skin signs may raise awareness to an increased risk of malignancy in family members, affording the opportunity to follow optimal strategies to manage the predictable risk of cancer. Fig. 4 Electrophoregram of the identified SUFU mutation (indicated by arrow) and wild type sequence
We suggest that the emerging phenotype in SUFU associated with familial medulloblastoma may include hamartomatous skin lesions. Consideration of these features, along with macrocephaly, will alert clinicians to the likely genetic basis of the syndrome, affording the opportunity for genetic counselling, prenatal or pre-implantation genetic diagnosis in at-risk families.
